Hypothesis: Preoperative portal vein embolization (PVE) allows potentially curative hepatic resection without additional morbidity or mortality in patients with hepatobiliary malignancies who are marginal candidates for resection based on small liver remnant size.
Results: There was no difference between the groups that did and did not undergo PVE for the number of tumors, tumor size, estimated blood loss, duration of the operation, complexity of resection, or surgical margins. The FLR at presentation was significantly smaller in patients who underwentPVEthaninpatientswhodidnotundergoPVE(18% vs 23%; PϽ.001). After PVE, FLR volumes increased significantly (P=.003); preoperative FLR volumes were similar in both groups (patients who underwent PVE, 25%; and patients who did not undergo PVE, 23%). There was no perioperative mortality and no statistical difference in the incidence of perioperative complications between those who did and those who did not undergo PVE (5 [28%] of 18 patients vs 5 [21%] of 24 patients). The overall 3-year survival was 65% and the median survival duration was equivalent in the 2 groups (40 vs 52 months for those who did vs those who did not undergo PVE).
Conclusion:
Portal vein embolization enables safe and potentially curative extended hepatectomy in a subset of patients who would otherwise be marginal candidates for resection based on a small liver remnant size.
Arch Surg. 2002; 137:675-681 E XTENDED HEPATECTOMY (resection of Ն5 hepatic segments) is increasingly used to achieve margin-negative resection of hepatobiliary malignancies. Prolonged survival has been reported after complete hepatic resection of colorectal metastases, 1,2 hilar cholangiocarcinoma, 3, 4 and hepatocellular carcinoma. [5] [6] [7] Although the surgical mortality rate has been minimized as a result of improved patient selection and safer technique, complications associated with postoperative hepatic insufficiency, such as cholestasis, bleeding, fluid retention, and impaired hepatic synthetic function, still contribute to an extended hospital stay and protracted recovery. [8] [9] [10] [11] In the process of preoperative selection for extended hepatectomy, a subset of patients may be excluded from consideration for potentially curative resection because of limitations associated with an anticipated small liver remnant.
In 1990, Makuuchi et al 12 proposed the use of portal vein embolization (PVE) to induce preoperative hypertrophy of the future liver remnant (FLR) in an attempt to increase the safety of major hepatectomy for hilar bile duct carcinoma. Since then, this procedure has been used before major hepatic resection (defined as resection of a hepatic lobe or more) in selected patients when the remaining liver was 40% or less of the total liver volume (TLV) and deemed to be compromised by hepatitis, cirrhosis, or chemotherapy. 13, 14 In a preliminary investigation, 15 the safety and efficacy of PVE before extended hepatectomy in patients without a compromised underlying liver was demonstrated. In the same study, the subset of patients in whom the standardized FLR volume was 25% or less of the TLV had a longer hospital stay and more frequent complications compared with the patients with an FLR volume greater than 25% of the TLV.
The present study was designed to compare patients with a normal underlying liver who underwent extended hepatic resection (Ն5 segments) with or without PVE. The FLR volume was measured preoperatively in all patients to aid in the selection for PVE. Clinical characteristics, FLR volume, morbidity, and survival were examined.
RESULTS
Forty-two patients who underwent extended hepatectomy for hepatobiliary malignancies were studied. The overall patient characteristics are summarized in Table 1 . Twenty-three patients presented with metastatic colorectal cancer, 8 with cholangiocarcinoma, 5 with hepatocellular cancer, and the remaining 6 with other diagnoses. The median age of the patients at resection was 60 years. All of the patients underwent extended right hepatectomy. Thirteen patients (31%) also underwent complex procedures with associated resection of the common bile duct (n=7), caudate lobe (n=3), portal vein and common bile duct (n=1), inferior vena cava (n=1), and inferior vena cava and caudate lobe (n = 1). Most patients in this series had negative margins of resection, and 10 had major postoperative complications that included hepatic insufficiency (bilirubin level Ͼ12 mg/ dL [Ͼ205.2 µmol/L]) (n=3), ascites or fluid retention (n=2), biliary fistula or perihepatic fluid collection (n=3), partial mesenteric portal venous thrombosis (n=1), and enteric fistula (n=1). Of 12 patients with a standardized FLR of 20% or less, 6 (50%) sustained complications; only 4 (13%) of 30 patients with a standardized FLR greater than 20% had complications (P =.02) (Figure 1) .
Patient, tumor, standardized FLR, operative, and postoperative variables stratified by PVE treatment are presented in Table 2 . Among 42 patients studied, 18 (43%) underwent PVE before surgery based on the criteria described in the "Patients and Methods" section. Patients treated with PVE were more likely to be men and to have
PATIENTS AND METHODS
An original patient series comprising 55 consecutive patients who underwent extended hepatectomy between October 1, 1993, and March 30, 2001 , was reviewed. Two surgeons (S.A.C. and J.-N.V.) performed all of the resections at The University of Texas MD Anderson Cancer Center, Houston, or the University of Florida, Gainesville. Thirteen patients were excluded because of the absence of measurement data, inclusion in a previously published PVE protocol, 15 or chronic underlying liver disease. The group of patients retained for analysis included 18 who underwent preoperative PVE and 24 who did not undergo PVE. Overall survival duration in patients who did and did not undergo PVE were compared and examined in the context of existing survival data for each tumor type treated.
Portal vein embolization was performed at the discretion of the operating surgeon when volumetric measurement revealed that the FLR volume would be 25% or less of the estimated TLV; the 25% cut point was determined in a previous study. 15 Portal vein embolization was systematically performed in patients with cholangiocarcinoma and nearly all patients who required associated procedures. Two patients with an FLR volume greater than 25% (27% and 29%) underwent PVE as well, because of estimation of an associated increased perioperative risk based on greater complexity of the procedure. 16 The standardized FLR was calculated as a ratio using the following equation: standardized FLR = FLR volume/ TLV (reported previously 15 ). The FLR volume was measured directly using computed tomography, while the TLV was calculated from the patient's body surface area using a mathematical formula recently described. 17 The 3-dimensional method of reconstruction based on computed tomography is accurate because the error associated with computed tomographic volumetric measurement is approximately 5%, [18] [19] [20] and this translates into a 1% error in percentage FLR because the FLR is divided by the calculated TLV (eg, measured FLR=300 mL±15 mL [5%] in a patient with TLV equal to 1500 mL yields a standardized FLR of 19%-21%).
Percutaneous transhepatic PVE was performed using an ipsilateral approach. The details of this technique were recently reported. 15, 21 Briefly, percutaneous access to the ipsilateral portal vein was gained under light, monitored anesthesia and fluoroscopic control. Following portography, selected portal vein segments were embolized using polyvinyl alcohol and microcoils. Attention was paid to complete occlusion of the entire tumor-bearing liver, including segment 4 branches, to maximize hypertrophy of the FLR and prevent PVE-induced accelerated tumor growth during the interval before surgery. 22 All patients underwent extended right hepatectomy with or without caudate lobe resection (resection of Couinaud segments 4 to 8 ±1). 23 The general principles of the technique of extended resection have been published previously.
9,10 All of the operations were performed under low central venous pressure conditions. Inflow and outflow control were usually obtained before parenchymal transection was performed. Complete vascular exclusion with venovenous bypass was used in 1 patient who underwent en bloc vena cava resection. Perioperative complications and perioperative mortality were defined as events occurring during the same hospital stay or within 3 months following resection.
The preoperative clinical characteristics of the patients who did and did not undergo PVE were compared using the Mann-Whitney test for continuous variables and the Fisher exact or the 2 test for categorical data. For patients who underwent PVE, a comparison of the FLR before and after PVE was performed using the Wilcoxon signed rank test. The overall survival probability was estimated using the Kaplan-Meier method. 24 The overall survival duration was compared using the log-rank test. Exact inference was used in all of the statistical tests because of the small sample size. All statistical analyses were performed using statistical software programs (S-Plus 25 and StatXact
26
). Statistical significance was determined at PϽ.05.
WWW.ARCHSURG.COM 676 primary hepatobiliary malignancies, whereas patients not treated with PVE were more likely to have metastatic disease. There were no differences in tumor characteristics (number of tumors or size of the largest tumor) or perioperative characteristics (estimated blood loss, duration of the operation, transfusion requirements, and complexity of the resection) between the groups. The median increase in standardized FLR was 8% (range, 1%-22%; first quartile, 4%; and third quartile, 10%); this change in standardized FLR was statistically significant (P = .003) (Figure 2) . The standardized FLR at presentation was smaller in the group that underwent PVE than in the group that did not undergo PVE. However, as a result of the increase in the standardized FLR in the group that underwent PVE, there was no difference in the immediate preoperative standardized FLR for this group compared with the group that did not undergo PVE. There was no difference in the occurrence of major postoperative complications or length of hospital stay between groups.
The median survival duration in the entire cohort of patients was 52 months (Figure 3) . The median follow-up time was 11 months (range, 3-85 months). The survival after resection was 82% at 12 months (95% confidence interval, 74.0%-99.8%), 71% at 24 months (95% confidence interval, 54.6%-92.5%), and 65% at 36 months (95% confidence interval, 46.8%-89.3%). The median survival duration in patients who did not undergo PVE (52 months) was not significantly different from that in patients who did undergo PVE (40 months) (P = .70) (Figure 4 ).
COMMENT
Among factors that impact outcome after hepatic resection, the extent of resection contributes significantly to operative morbidity 27 and mortality. 11 In our study, all 42 patients underwent hepatic volumetric measurement before extended right hepatectomy. Portal vein embolization was performed in 18 patients with a median estimated standardized FLR of 18% at presentation. This systematic measurement was performed to avoid leaving an inadequate liver remnant after resection and was based on the reported variability in hepatic volumetric distribution 20 and known relatively small size of segments 2 and 3 in the absence of compensatory hypertrophy. 28 At our institutions, PVE is performed percutaneously in the interventional radiology suite using conscious sedation 3 to 6 weeks before hepatic resection. The median hospital stay after the procedure is 1 day, as the postembolization syndrome of pain, nausea, and fever associated with transarterial embolization is uncommon after PVE. 21 Specifically, arterial embolization causes tumor necrosis and systemic cytokine release, which leads to the clinical postembolization syndrome, while PVE leads mostly to apoptosis of the embolized liver, which does not create this clinical effect. 16 The reported complication rate of PVE is 3% to 10%; to our knowledge, procedurerelated mortality has not been reported. 16 Our experience is similar, and no PVE-related complication has precluded planned resection in any of our patients. 21 In the present study, PVE resulted in an 8% increase in the standardized FLR. Eighteen extended resections were performed following PVE without an increase in the perioperative complication rate compared with that in patients having similar preoperative FLR volumes who did not undergo PVE. The rationale for PVE is based on existing data indicating that the increase in FLR volume is associated with improvement in function. For example, biliary excretion of the postembolization FLR increases 29, 30 and the natural history of postoperative liver function tests improves after PVE. 15 Patients who are considered for PVE are most often those who present with multiple metastases and left lateral bisegmental sparing or patients with hilar cholangiocarcinoma without the atrophy/hypertrophy complex. Portal vein embolization enables the possibility of extended resections for patients who would have otherwise been marginal candidates for resection or would have undergone less extensive procedures with greater potential for compromised margins of resection. The overall margin-positive resection rate in this series (17%), and that in patients who underwent preoperative PVE (11%), compares favorably with the recently reported marginpositive rate in patients who underwent extended hepatectomy for multiple hepatic colorectal metastases (25%) 31 or resection for hilar cholangiocarcinoma (17%). 3 It is increasingly evident that the volume of residual liver rather than the volume of liver resected may more accurately predict the risk of complications after extended hepatic resection. 32 The present study confirms the association between a small liver volume and an increase in complications after an extended hepatic resection that leaves a small liver remnant. Specifically, while all patients underwent similar extended resections (of Couinaud segments 4 to 8 ±1), 6 of the 12 patients with a standardized FLR of 20% or less had major complications while only 4 of the 30 patients with a standardized FLR greater than 20% had complications (P=.02), which emphasizes the importance of residual volume over resected volume.
An important limitation of our study was the absence of randomization. Twelve highly selected patients did not undergo PVE for a standardized FLR of 25% or less (young, with excellent performance status) in the early part of the study. Resections in these patients were performed mainly for hepatic colorectal metastases (n=9) in patients who did not require associated procedures (n=10). Consistent with our other findings, many of these patients with a standardized FLR of 20% or less and no PVE sustained major complications (4 of 7 patients). In the absence of a randomized study on PVE, the best presumptive evidence of efficacy of PVE will be demonstrated when patients who have undergone PVE resulting in greater than 20% FLR will be shown to have a (low) complication rate similar to patients presenting with greater than 20% FLR up front. Small numbers preclude a definite answer. Portal vein embolization is used to minimize the risk of nontechnical complications and death associated with a small FLR. The absence of perioperative mortality within 3 months of surgery in this series compares favorably with previous studies 9, 11 reporting the results of extended resections. However, a randomized trial designed to test the efficacy of PVE cannot yet be recommended, for the decision to perform PVE must be individualized and prospective data must be collected to clarify the subsets of patients who can benefit most from the procedure. Systematic measurement of the FLR allows the surgeon to integrate the predicted FLR size with other procedurerelated risks (such as the complexity of the procedure and associated underlying liver disease) to determine the need for PVE on an individual patient basis.
Several patients with a small FLR who underwent resection in this series likely would not have been considered to be candidates for extended resection without PVE. Such patients who do not undergo resection have an expected survival duration of 11 to 12 months-the median survival duration of unresected patients with colorectal cancer liver metastases is about 12 months, 33 while that of unresected patients with cholangiocarcinoma is about 11 months. 34 The overall 3-year survival rate in the present study (65%) compares favorably with reported 3-year survival rates for resection of metastatic colorectal carcinoma (30%-58%) 35 and the rate after resection of hilar cholangiocarcinoma (60%). 3 Finally, our results are validated by 2 reports that provide survival data with longer follow-up for patients with colorectal metastases who were considered to be unresectable without PVE, but who underwent successful resection following PVE. A subgroup of 27 patients described by Elias et al 36 achieved an overall 5-year survival of 29%. Similarly, Azoulay et al 14 reported a 40% 5-year actuarial survival for resection following PVE compared with a 38% 5-year survival for a similar extent of resection without PVE.
Thus, the selective use of PVE enables safe and potentially curative extended hepatectomy in a subset of patients with advanced hepatobiliary malignancies who would have otherwise been marginal candidates for resection. functional reserve in a population that largely has impaired liver function. Most of these patients with hepatocellular carcinoma, in fact, have cirrhosis.
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The questions I have are: (1) Have the authors done any routine liver function studies, like ICG [indocyanine green] retention or some similar functional analysis for their patients? (2) Have you added hepatic artery embolization for any of your patients whose remnant volumes did not increase with portal vein occlusion, and, finally, as a follow-up to the authors' data and as noted in a recent paper in Cancer, if survival is not being improved in this patient population with this procedure, other than the fact that we are making surgery available, why are we doing this if they are not living longer?
Michael B. Farnell, MD, Rochester, Minn: Dr Chapman alluded to the 3-to 6-week interval between embolization and operation in his discussion, and I wonder if the authors could comment regarding the optimal time interval to achieve maximum volumetric enlargement of the future liver remnant?
A second question regarding timing is with regard to postembolization inflammatory reaction around the embolized portion of liver. Did the authors note the development of perihepatic inflammation and adherence to the diaphragm resulting in any technical challenges for them?
Thomas Biehl, MD, Seattle, Wash: Could you mention something about the technical aspects of doing the portal venous embolization and whether or not any patients had complications of the procedure? Specifically, did you injure any of the contralateral lobe (or what you wanted to leave behind) vessels and then make a patient nonoperable based on that?
Also, it is very difficult to tell how many of these patients really needed the procedure. I am not really sure how to get a handle on that. You gave the example of one patient who had a hilar cholangiocarcinoma. I have noticed with that disease, frequently you get atrophy of the lobe that you plan to resect and the lobe you are going to leave behind is already hypertrophic, so the disease itself has done to some degree what you are planning on doing with the portal vein embolization.
Dr Vauthey: Regarding the determinant of treatment for PVE, as asked by Dr Chapman, there were several patients who had less than 25% liver remnant volume who indeed did not get portal vein embolization. These were patients that were operated on at the onset of this retrospective study. They were younger, they had colorectal metastases, and had excellent performance status. Indeed, there were 12 patients with less than 25% liver volume. Notably, 7 had a volume of less than 20%, and 4 out of these 7 had complications.
Regarding the factors affecting response to portal vein embolization: As you noticed, 18 patients got portal vein embolization and, while 2 of 3 increased their remnant volume above 20%, 1 of 3 did not increase and remained in the group with a volume of less than 20%. What are the factors affecting the response to portal vein embolization? I think the numbers are too small. Other series have mentioned diabetes as a reason for lack of regeneration. Again, no patient in this series had underlying liver disease, which impacts regeneration rates.
We have not waited longer than 6 weeks in most patients; however, with the addition of chemotherapy in some of these patients, we are keen on waiting longer and remeasuring volume before embarking on an extended resection, given the results that we have presented here.
The difference that this makes clinically is that many patients present to us as unresectable and we can resect these patients in spite of a very small volume. Some have suggested a randomized study for portal vein embolization. It is too early to propose such a study and to deny the benefit of portal vein embolization to patients with a small remnant liver volume. The response to portal vein embolization corresponds not only to an increase in volume but also to an increase in function, and this has been demonstrated experimentally and also clinically by Makuuchi's group in Japan.
Dr Chapman mentioned that only 3 patients had liver failure or cholestasis. I think we should look at the complications as a whole in these patients. We are not looking only at reducing the incidence of transient liver failure or cholestasis, but we are looking at reducing other complications with this procedure. Certainly, we have been pleased not to see the cascade of multiple complications occur in patients who had significant technical complications. These patients did not go into multiple organ failure or liver failure, and we had no deaths in the series.
Dr Lopez asked about nitroglycerin and other agents to reduce the portal pressure. Perioperatively, we have used nitroglycerin. We have no experience with somatostatin.
Are there histological changes in the lobes that undergo atrophy? We have seen mild histological changes. As a rule, most of the changes that occur after portal vein embolization are mild changes because hepatocytes in the lobe that atrophy undergo apoptosis.
Dr Putnam asked about the histology of the changes in the lobe that hypertrophies. There is true DNA synthesis and clonal expansion of the hepatocytes.
Dr Schneider asked about functional analysis of the remnant volume. We have not done this, although we rely on our IRB [Institutional Review Board]-approved preliminary study that we published 3 years ago, in which we showed an improvement in the liver function tests postoperatively in patients who have undergone portal vein embolization. Should we add hepatic artery embolization to our procedure? There is little evidence that additional hypertrophy is affected by arterial occlusion as the 3 main factors contributing to maintenance of liver volume are patent portal and hepatic veins and free biliary flow.
Dr Farnell asked about the difficulty encountered during surgery in these patients. The mobilization of the right lobe is usually easier because of the reduction in size of the right lobe as a result of the atrophy. The hilar resection might be slightly more difficult, but there is no significant development of collaterals.
Dr Biehl asked about the technique of portal vein embolization. We used a percutaneous, transhepatic, ipsilateral approach. In our series of 40 patients who have undergone portal vein embolization, 30 patients had resection and we have encountered 2 complications that did not preclude subsequent surgery. This is consistent with the reported complication rate for portal vein embolization in the literature, about 5% to 7%.
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